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Insulin signaling controls organ growth and final body
size in insects. Recent results have begun to clarify
how insulin signaling drives organ growth to match
nutrient levels, but have not yet elucidated how insulin
signaling controls final body size.
For so long it has seemed so simple: an animal eats, it
grows, it matures. In reality, however, growing organ-
isms allocate nutrients to growing organs and into
storage for future use. This allocation ‘decision’ has
evolved within each species towards maximal pro-
duction of offspring. The control of growth should not,
therefore, be considered in isolation from nutrient
storage. It is likely that the mechanisms that control
growth are intimately intertwined — if they are not the
same mechanisms — with those that allocate nutri-
ents to storage for future use in growth and reproduc-
tion. Recent studies [1–6] have begun to shed light on
this problem; when combined with other studies over
the past three decades they allow the construction of
a simple model of how insects determine their final
body size and thereby balance allocation to growth
and storage. But while the recent data provide insight
into the control of organ growth, they do not yet indi-
cate how insects control the overall size of their
organs and their entire body.
In insects, which have served as the premier model
systems for studying growth control in vivo, two dis-
tinct approaches have been taken to understanding
this problem. The first was pioneered in the 1970s and
explored how hormones control the ultimate size of the
insect through their influence on the duration of the
larval feeding period. The second, taken in the past few
years, has used genetics to explore the role of signal-
ing pathways in controlling growth. The results allow
us to begin formulating a more synthetic model of
growth control. But key elements of this model have
not yet been tested, because there have been few rel-
evant cross-disciplinary experiments and because allo-
cation trade-offs have gone unrecognized, leading to
potentially confusing interpretations of results.
I shall outline a synthetic model of insect growth
control that incorporates the most recent findings
(Figure 1). I will focus on the control of size, a more evo-
lutionarily relevant measure than growth rate. Although
insect size is of course dependent on growth, there are
probably more important determinants of final size than
the growth rate of organs in larvae. In holometabolous
insects, such as flies and butterflies, the rudiments of
the adult organs grow as imaginal discs in larvae and
pupae, and adopt their mature configuration during
metamorphosis. In these insects, growth of the imagi-
nal discs and feeding are largely decoupled. This is
often overlooked, as much growth of the imaginal discs
in Drosophila occurs during the feeding period. But
these and other organs also grow after feeding has
ceased [7]. The separation of feeding and growth is
even more obvious in the Lepidoptera, where almost all
adult organ growth occurs after feeding has ceased [8].
It is probably best to distinguish between larval and
post-larval growth of the imaginal discs because, as I
will describe, the cessation of larval growth of the imag-
inal discs appears to play a critical role in determining
final adult size through its influence on feeding.
When an insect hatches from the egg as a larva 
it begins to feed and food is absorbed through the 
gut. These nutrients at first circulate freely in the
haemolymph and can be absorbed either by growing
organs or by storage cells. These nutrients alone are
insufficient to cause organ growth [9]. Although differ-
ent insects appear to require different hormones at low
concentrations to allow organ growth [10], the insulin-
signalling pathway in particular appears to provide the
key determinative signal driving organ growth [1–3,5].
Recent studies have shown that insulin is produced
quantitatively by neurosecretory cells of the brain in
response to feeding, and that organ growth responds
quantitatively to levels of circulating insulin produced
by these cells [2,5]. Absorption of nutrients from the
haemolymph by growing organs apparently depends
on insulin signaling via mechanisms that are not yet
clear. Insulin signaling therefore acts, in a sense, to
inform cells how much nutrition they may absorb and
how much growth they may undergo. 
As expected by this model, recent evidence from
work on Drosophila indicates that insulin signaling also
drives the storage of nutrients in fat body cells [1]. This
makes sense as we expect a constant input of nutrients
to be divided between growing organs and storage,
and it is sensible for a single signal to inform both
processes. But these recent results [1] are superficially
contradictory to earlier work on Bombyx mori which
showed that elevated insulin signaling reduces the level
of carbohydrates stored in fat body cells [11]. It is not
yet clear why different studies provide conflicting views
of the effect of insulin signaling on carbohydrate
storage. It is possible that different insects use insulin
in different ways, but alternatively insulin signaling may
mean different things at different times, sometimes
encouraging nutrient storage and at other times release,
the ‘meaning’ depending on developmental stage but
also on levels of circulating nutrients in the haemo-
lymph and signals produced by other growth organs.
For example, certain mutations in Drosophila cause
imaginal disc overgrowth and this occurs at least partly
at the expense of fat reserves [12] (A in Figure 1). As the
animal is probably always attempting to find the correct
balance between allocation towards growth and
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storage, it may sometimes be difficult to interpret
results from studies that manipulate insulin signaling
and then examine only growth or only storage. 
So far in this model, the insect has absorbed food
and begun to grow and store nutrients. There is
nothing yet in the model that indicates why the insect
should stop feeding. This is such an intuitively simple
question that it is often overlooked; how is feeding reg-
ulated differently in flies and butterflies such that they
grow to such different sizes? One possibility is that
larvae must stop feeding to shed their semi-rigid exter-
nal cuticle and produce a new cuticle, allowing them to
grow to a larger size. But this is not a sufficient cause
for the insect to stop feeding entirely. In fact, different
insect species undergo a different number of molts
before reaching sexual maturity, which allows them to
feed for variable durations. The important stopping
point is the molt from the larval to the pupal period (for
holometabolous insects) or into the adult stage (in all
other insects). We have known for some time that the
key parameter controlling final size is not growth rate,
but the time at which this transition happens. 
Given sufficient resources, there is normally plenty of
time and nutrients for insects to grow larger than they
actually do. For example, the size of fruit flies in the lab-
oratory is not limited in any obvious manner by food or
the rate of cell proliferation; the time when they stop
feeding is presumably an evolutionary compromise
between maximizing size and storage of nutrients for
future reproductive success and developing at a rate
that minimizes developmental defects while maximizing
opportunities for mating and reproducing (which in
some cases does not mean developing as fast as pos-
sible, for example when animals can reproduce only
during a particular season). So although growth is nec-
essary to reach a particular size, it is not sufficient and
the little-explored key parameter is the stopping point.
The stopping point is actually determined by events
that occur before the animal stops feeding. The most
important event precipitating cessation of feeding is the
attainment by larvae of a critical size. The critical size is
the size at which an irrevocable series of endocrinolog-
ical events — including a drop in juvenile hormone titre,
the release of prothoracicotropic hormone and finally
the release of ecdysone — are set in motion which
result in the cessation of feeding and ultimately in meta-
morphosis (reviewed in [13]). In only one group of
insects has the mechanism controlling critical size been
determined. These are hemipterans in which abdominal
stretch in the last instar is detected by specific neurons
that signal to the endocrine system [14]. No other simi-
larly elegant mechanisms controlling critical size have
been detected in other insects.
The mechanism controlling critical size in most
insects is probably the single most important discov-
ery waiting to be made about size control and the
answer is likely to integrate many disparate threads of
our current understanding of the control of body size.
There are clues to the mechanism of critical size
detection. First, the critical size appears to be depen-
dent upon the stoppage of organ growth, not the other
way around (B in Figure 1). This seemingly counterin-
tuitive fact is shown by the fact that induced cancer-
ous over-proliferation of organs within larvae delays or
prevents the metamorphic moult, even though the
animals have grown far beyond the normal critical size
[12]. An alternative experimental treatment, killing cells
within growing organs, also delays the attainment of
the critical size, and this is proportional to the amount
of cell proliferation that must occur to replace killed
cells [15]. These and other experiments (reviewed in
[10]) indicate that organs stop growing autonomously
and this stoppage precedes attainment of the critical
size. This suggests that growing organs themselves
‘know’ the critical size and that organ growth stop-
page itself provides the cue to the rest of the animal
that the critical size has been attained. How might
growing organs do this?
A growing organ stops growth when it attains a
certain size of patterned cells [16]. This stopping point
could be read by one of several mechanisms, for
example by cells directly reading a morphogen gradi-
ent [16] or by cells reading the values of neighboring
cells, with extremes set at the boundaries of develop-
mental compartments [17]. Insulin signaling is clearly
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Figure 1. A model of insulin-mediated growth and size
determination. 
The life cycle of Drosophila is shown across the top, from egg to
adult. Minimal nutrients are provided in the egg and essentially
all of the adult structures are derived from nutrients eaten during
the larval instars. Some growth of the future adult organs occurs
in imaginal discs in the larvae, but growth also occurs after
feeding, during metamorphosis in the pupa. A model illustrating
the key roles of the insulin pathway is shown below. A subset of
median neurosecretory cells in the larval brain respond to nutri-
ent levels to produce variable levels of insulin [2,5]. This insulin is
required to drive larval growth and nutrient storage. I propose
that this insulin may also program the precise critical size (C),
within the range of species-specific critical sizes, that each indi-
vidual uses to trigger metamorphosis. There is evidence that
stored nutrients can be shunted to organ growth in extreme con-
ditions (A) [12], but it is not know if this occurs under more
natural conditions. When organs attain their correct size, they
stop growing and cause the cessation of feeding (B). Organs
continue to grow during pupal development but it is not known if
and how insulin signaling influences this later growth.
Nutrients absorbed
Larval brain insulin-producing cells
Insulin released
Organ growth
Organs attain correct larval size
Feeding
Metamorphosis, including further organ growth
(transfer of nutrients from storage?)
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important to allow attainment of a certain organ size,
but under this model it is unclear why insulin signaling
would affect overall body size as the organs would be
genetically predetermined to reach a particular size
[16]. Instead, insulin signaling must influence the pat-
terning system to modulate the organ size considered
critical under particular nutrient conditions (C in
Figure 1). That is, when nutrients are abundant early
during development, high levels of insulin signaling
may be used by growing organs to predict that nutri-
ents will also be abundant later during development.
This signal then increases the critical size for an indi-
vidual. When nutrients are rare, the opposite happens,
and a smaller size is programmed by growing organs
to be critical. Recent studies of mitochondrial activity
in nematodes [18] support the contention that devel-
oping animals can use nutritional status early in devel-
opment to alter their physiology and perhaps alter
growth targets. This study further suggests that organs
may use the rate of respiration, probably strongly cor-
related with growth and insulin receptor pathway activ-
ity, to specify future levels of growth and activity.
How might the organs that have stopped growing
signal to the endocrine system that the critical size has
been attained (Point B in Figure 1)? One possibility is
that organs that have reached their own critical size
may produce a ‘critical size’ hormone. This is difficult
to imagine, because the body would be required to
detect when even a single organ has not yet reached
the critical size and started secreting this hypothetical
hormone. Furthermore, data reviewed below do not
support this view. A more likely possibility is that
growing organs may produce a factor indicating that
they are still growing. For example, when wounded
discs are transplanted into a larva, metamorphosis is
delayed until the transplanted organ regenerates and
the delay correlates with the amount of regenerative
growth [19]. In contrast, when a growing organ is com-
pletely excised from a larva such that it does not
regenerate, the larva moults at the appropriate time
and size [15]. These data suggest that the growing
organs normally provide a signal that delays metamor-
phosis. Another possibility is that the signal may origi-
nate from the storage organs, such as the fat body,
and that once sufficient reserves are stored, metamor-
phosis is allowed to proceed. Of course, there may be
no ‘critical size’ hormone. Instead, the neuroendocrine
system itself may sense the levels of circulating nutri-
ents to determine when nutrients are no longer being
absorbed by organs. The current evidence does not
allow a clear distinction between these alternatives.
In summary, the proposed model suggests that
insect species, or more precisely the organs within
them, have a genetically determined critical size
range. Insulin signaling can modify the precise critical
size for an individual within this range, depending on
nutritional conditions. Recent studies have enhanced
our understanding of how insulin signaling controls
organ growth [1–6]. It is also clear that insulin signal-
ing somehow controls overall body size [2,20]. But the
control of final body size appears not to be strictly
dependent on growth rate. Instead, insulin signaling is
likely to modulate mechanisms that control critical
size and perhaps other target size mechanisms. An
understanding of size control will require further inte-
gration of physiological and genetic approaches and
a more integrative view of how nutrients are allocated
for different purposes during development. In addi-
tion, without an evolutionary perspective and recogni-
tion of the particular ecological challenges faced by
each species, the particular sizes of individual animal
species makes little, if any, sense.
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